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NATIONAL ADVISORY COMMUTES FOR AERONAUTICS 
TECHNICAL NOTE NO. 987 

NONDESTRUCTIVE MEASUREMENT OF RESIDUAL AND ENFORCED 

STRESSES BY MEANS OF X-RAY DIFFRACTION 

II - SOME APPLICATIONS TO AIRCRAFT PROBLEMS 

By George Sachs, Charles S. Smith, Jack D. Lubahn , 
Gordon E. Davis , and Lynn J. Ebert 


SUMMARY 


Tests on the use of X— ray diffraction methods for de- 
termining surface stress distributions in notched tensile 
bars and in the vicinity of a welded joint in aircraft 
steel tubing are described. Data on the effects of stress 
and degree of notching on the principal stresses and stress- 
concentration factors for flat notched tensile— test specimens 
wore obtained. For the greater part the results confirm 
previous analytical and photoelastic determinations of those 
quantities. It was found that X— ray techniques were of 
limited value for determining the direction and magnitude of 
residual stresses in weldments since the condition of the 
metal was such as to prevent an accurate determination of 
the lattice parameters. 


INTRODUCTION 


Among the problems interesting to the aircraft industry 
which might be. subject to a commercial application of X— ray 
stress measurements are (a) the distribution of stresses 
under load in structures of changing section, or "notched" 
sections, and (b ) the distribution of residual stresses, in 


Note— A complete and detailed report on this investiga- 
tion containing information on the effects of variables in 
the metal condition and exp:er im.ent.al. .technique on the X-ray 
measurement of stress may be "obtained ~on loan from the Office 
of Aeronautical Intelligence of the National Advisory Commit- 
tee for Aeronautics, Washington 25, D .• C. 
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welded structures. While some investigations in these di- 
rections have been carried out previously, as discussed in 
reference 1, they are not sufficiently extensive to reveal 
the general applicability of the X— ray diffraction method 
to such problems. 

Consequently, of these two groups of problems, one 
special problem in each group was selected. The investiga- 
tion was particularly concerned with the reliability and 
accuracy of the stress measur ement s and their general use- 
fulness . 

This investigation, conducted at the Case School of 
Applied Science, was ' sponsor ed by and conducted with the 
financial assistance of the National Advisory Committee 
for Aeronautics. 


X-RAY DETERMINATION CF STRESS DISTRIBUTION IN PLAT, 
NOTCHED TENSILE TEST BARS 
Previous History 


The X— ray diffraction method of stress determination 
would seem to possess some outstanding advantages, accom- 
panied by some disadvantages, when applied to the ’study of 
stress distribution in' structural members. Structural parts 
frequently differ in section, shape, and size, sometimes 
very suddenly, resulting in a very nonuniform stress distri- 
bution close to the section change or “notch.” 1 This stress 
state is characterized by steep stress gradients and high 
localized stress peaks, or "stress concentrations.” 

For this reason, a study of notched flat bars subjected 
to tension was undertaken in order to study the merits and 
possibilities of the X— ray method as applied to notched 
parts, particularly of metals used in aircraft. 

In relation to stress measurements in notched sections, 
the X— ray method has the inherent advantages of using a 
small gage length, of providing a convenient method for de- 
termining the complete stress state, and of providing a 
method for the determination of stress not only in the elas- 
tic, but also in the plastic strain regions. Mechanical and 

1 Tho term "notch" is used generally for any type of 
sudden section changes. 
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photoolastic methods do not permit the determination of the 
stress in the plastic strain region. v Photoelastic measure- 
ments, however ; enable the analysis. of the’ stress distribu- 
tion in the elastic stress state very accurately. Such meas- 
urements and the results of theoretical investigations may 
serve as the basis for the evaluation of the X— ray method as 
applied to thisproblem. 

Humorous attempts have been made to determine the effects 
of notches, holes, and so forth, on the stress distribution 
caused by elastic loading (see reference 2). The discussion 
here is restricted to investigations of flat and circular 
bars, provided with a local reduction of the section by an 
external notch, and subjected to pure tension in the uniform 
sect ion. 

The maximum value of longitudinal stress or "stress 
peak" which is created by elastic straining of round and 
flat bars of infinite width and provided with . not ches of 
hyperbolic profile has been calculated by Heuber (reference 
3). This stress peak at the bottom Is given by the expres- 
sion: 


• 

For round "bars : 

S 

= s / - 


max 

/ r 
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For flat "bars : 
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S average tension 

(load 

divided by the area of .the notched 

section) 




r ” radius at the notch bottom (apex of hyperbola) 

d diameter or width of- the unnotched section 

These formulas, however, assume infinitely large bars and, 
therefore, approximate only the conditions created by very 
deep n Qt.c:h.e s n , 

The ,'O.ffects of /various factors , such as radius of * 
notch, notch depth, ( .and so forth, have been folio-wed up, by 
photoelastic inves t iga t ions on flat bars of a transparent 
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material, such as i-akolito, by 
Prccht (roforonco 5), and Wahl 
The following throo typos have 


Coker and Pilon (reference 4), 
and Bcouwkes (roforonco 6). 
hoon investigated: 


1. V— notches of constant depth, having various "bottom 
radii (figs. 1 and 2) 


2. Semicircular notches of various radii (figs. 3 

and 4) 

3. Slot- notches of various depths and widths having 
a half — cir cular bottom contour (of various radii) (figs. 5 
and 6 ) 


Por the first two notch typos, the distribution of the 
lateral stress has also boon determined (figs. 1 and 3). 


The last notch typo should approximate the practical 
condition in notched bar tensile tests whor o the notch is 
usually a V— notch with a constant bottom radius. The meas- 
urements of Procht evaluated f or a bar of given thickness 
(= 100 percent) provided with notches of given bottom radii 
and varying depths are represented in figure 6. The stress 
concentration factor, that is, the ratio between the peak 
stress and the average longitudinal stress in the notched 
section, increases at first with increasing notch depth, 
then goes through a maximum and finally decreases again 
toward tho value 1, representing uniform stress distribution 
for a notch which removes 100 percent of the cross-sectional 
area. The maximum value of tho stress concentration factor 
occurs for a notch depth of somewhere between 20 and 50 per- 
cent, this depth being larger for sharper notches. 

Regarding the transverse stress, tho phot oelast; ic moas^ 
uremonts indicate that a high, but localized, transverse 
stress is present in tho same region as the high longitudinal 
stress peak for shallow notches (fig. 1) while a more uni- 
formly distributed transverse stress exists in a deeply 
notched section (fig. 3). The" transverse stress is always 
zero at the notch bottom, as required by the theory of elas- 
ticity. 


A few elastic measurements on flat steel bars with a 
semicircular notch have been carried out by Preuss (refe r— 
ence 7) (fig. 8) and by Coker and Pi Ion (reference 4). 
Their results are in good agr e'e ment w i t h those derived 
from photoelastic measurements, 
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Commercially, the two-dimensional stress state present 
in a flat bar is less important than the three-dimensional 
state present in a round bar or a more intricate structure. 
Little information is available on this problem. 

Experiments regarding the stress distribution in round 
bars have been carried out by Berg (reference 8) on ruboer 
and by Eraechter (reference 9) on steel bars by means of 
X— rays . 


Both investigators agree, according to figure 7, that, 
with a notch of a given bottom radius, the stress concen- 
tration increases at first with increasing notch depth; 
however , the X— ray method, contrary to the rubber tests, 
shows a maximum stress concentration at a rather shallow 
notch and an increasingly uniform stress distribution with 
further increasing notch depth. These results are in qual- 
itative agreement with the photoelastic measurements on flat 
bars . 

Thus it appears possible to apply tho information 
derived from the photoelastic investigations to a round bar 
in a somiquant itat ivo manner. According to ITeuber (refer- 
ence 3) , the stress peak in a round bar should bo 30 percent 
higher than that in a flat bar having notches of the- same 
profile on the flat sides. 


Materi al an d P rocedure 

t . . • j ■' 

Material and Preparation of the Specimens 

The steel used for the investigation was commercial 
SAB X— 4130 steel. It was provided in a sheet 0.120 inch 
thick through the courtesy of the American Steel and Wire 
’Company. 

The sheet was cut into strips of the approximate size 
desired, pickled down to 0.100 inch in thickness, cold- 
rolled to 0.035 inch, annealed at 1700° P for 15 minutes, 
and air-cooled. The cooling produced considerable warping*, 
so the strips were given 3 percent strain on a tensile 

machine to straighten them. 

. • ■ . ’ , t • • ' < > 

After .'this heat treatment and straightening operation, 
the’ scale was pickled off and a diffraction pattern, was 
made to determine whether or not the grain size was suitable 
to produce sharp lines. It was found that the K a doublet 
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v/as unrosolvod. indicating that the heat treatment was too 
severe (fig. S) . The strips were, therefore, stress re- 
lieved at various temperatures to determine the optimum 
grain condition for well-defined diffraction patterns. 
Temperatures of 1000° F , 1240° F , and 1320° F were used in 
the attempt to determine the optimum stress relieving tem- 
perature. Diffraction patterns , (f ig. 10) were made after 
each stress relief and showoa that the most suitable temper- 
ature was 1320° F. In stress relieving, the strips were 
clamped between heavy stool plates to prevent warping, and 
packed in a mixture of powdered charcoal and burnt magnesia 
to prevent decarburization. The stress relieving v/as done 
in a Lindberg Cyclone furnace. Tho samples wore hold at 
the specif iod temperature for 4 hours, then furnace-coolcd. 

All temperatures wore maintained to +5° F of the desired 
temperature . 

The strips were then pickled to remove scale and any 
do car bur i za t i on . After tho pickling, the strips were made 
into tensile specimens. A final pickling operation was 
given to the finished specimen to remove any superficial 
cold work that might have taken place on the surface in 
tho machining operation. 

Tensile tests were run on standard size specimens that 
had been given the foregoing treatment, to determine the 
yield and ultimate strengths. The treatment resulted in a 
yield strength of 59,500 psi and ultimate strength ol 81,500 
psi. Figure 11 shows tho stress strain curve for the SA3 
X— 413 0 stool in tho condition in which it was used for tho 
tensilo specimens. 

One duralumin specimen (fig. 12) , v/as made from 34S — x 
duralumin sheet 0.033 inch thick. It was annealeo. xor^ ^ 
hour at 400° F in order to increase the sharpness of the 
diffraction linos without appreciably decreasing the • strength. 
Tho annealing conditions wore selected on the basis ox previ- 
ous tests. Tho yield strength in tho condition as tested was 
56,000 psi. 

It was decided to use, in the stool specimens, a 60° 
notch, and to hold the ratio of the notch radius to the 
maximum width of tho specimen constant. This ratio ./as ap 
proximatply 0.04 and produced theoretically (reference 5) a 
stress concentration factor of 3.5 for tho 25-percent notch 
and of approximately 2.5 for the 5— percent notch (lig. 6). 
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Two notch depths were investigated 25 percent and 5 
percent. The dimensions of the specimens are s.hawn in 
figure 13. 

Since the specimen was relatively short, and since 
the tensile machine applied the load "by means of two pins 
passing through the ends of the specimen, there was some 
doubt as to whether or not the applied load would produce 
a uniform stress distribution in the unnotched portion of 
the specimen. To overcome this difficulty, cold— rolled 
steel plates were riveted to the ends of the specimen. 

This, in effect, increased the length of the specimen and 
produced a uniform stress distribution since the loading 
pins applied the load to the plates, and not to the speci- 
men directly. 

In the case of the duralumin specimen (fig. 12) a 60° 
notch also was used. However, in this specimen, a higher 
stress concentration factor was used. The ratio of the 
notch radius to the specimen width was approximately 0.02, 
and the notch depth was 20 percent. This set of conditions 
corresponds to a stress concentration factor of mere than 4 
(fig. '€.)•• It was found necessary to rivet supporting plates 
to the ends of the specimen as in the case, of the steel 
specimens. 


Straining the Tensile Specimens 

A special tensile machine (fig. l*i) designed and con- 
structed in this laboratory especially for this investiga- 
tion by Mr. Frank Miller, was used to obtain the various 
loads on the specimens. • The load was applied through a worm— 
and-screw arrangement, and transmitted to the specimen by 
means of a “calibrating bar" made from tubular SAS X— 4130 
steel. Figure IF shows the tensile machine in position for 
making diffraction patterns from the duralumin specimen. 

The tubular member served as a means of measuring load. For 
use in transmitting load to the duralumin specimen it was 
used in the hot— rolled condition, but for use with the steel 
specimens it was necessary to make it stronger, for carrying 
larger loads, by annealing at 1700° F, air cooling, and tem- 
pering at 700° F. This heat treatment produced a proportional 
limit corr esponding to a load of 3200 pounds. The tensile 
machine itself could withstand a considerably higher load. 

The change in length of this tube for any change in 
load was determined accurately on a standard Olsen tensile 
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machine. It was found tha,t in the hot— rolled condition, 20 
pounds produced an elongation of 0.0001 inch in a 2— inch 
gage length, while in the heat-treated condition, 37 pounds 
produced the same elongation. The load applied to the tensile 
test specimens during investigation "by X— rays was measured 
by noting the change in length in a 2— inch gage length of 
this tube, and applying the foregoing calibration factors. 

To make sure that the same load was applied to the calibrat- 
ing bar as to the specimen, they wero connected in series. 

The elongation of the calibrating bar was measured with an 
Olsen gage, reading in ten— thousandths of an inch. 

The- tensile machine was equipped to produce a vertical 
movement of the specimen of 1 inch and also a complete rota- 
tion of the specimen about the horizontal axis of the ma- 
chine . 

On both steel specimens the first load was chosen in 
such a way that the peak stress would be approximately 
equal to the yield strength. Since the yield strength was 
59,500 psi, and the stress concentration factor was 3.5, 
the first load corresponded to an average stress of 17,000 
psi. The second load on the steel specimens was selected 
in such a way that there would be plastic flow at the notch 
bottom. If plastic flow occurs, there are residual stresses 
after unloading*, so after the stress distribution correspond- 
ing to the second load was analyzed by means of diffraction 
patterns, the specimen was unloaded and the residual stresses 
wore studied. The third load on the steel specimens was 
choson in such a way that the average stress was greater than 
the yield strength, and thus, so that the whole sample had 
yielded. However , certain, difficulties arose in the case of 
the specimen with the 5— percont notch', so that this load 
could not be attained. The final load for this specimen was, 
however, near the yield strength. Since the third load also 
caused, residual stresses, a fifth series of patterns was 
made to analyze the residual stress stats, of each specimen. 

A 1*1 three loads for the duralumin specimen wore choson 
such that the average stress was below the yield strength 
for the- duralumin. Thoy corresponded to average stresses 
of 4300, 12,000', 33,700 psi. 

After tho application of tho second load of 50,000 psi 
average stress to the 25— percent notch stool spocimon , which 
was tho first to bo investigated, and after both tho strains 
under load and the residual strains had been measured, a 
question arose as to tho possibility of a decrease in load 
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when the specimen was kept in a stato of strain o'vor such a 
long period, of time as is necessary for X— ray stress measure- 
ments. Mechanical tests showed that croop is very pronounced 
in SA3 X— 4130 steel, hut that no croop occurs at a load which 
is 15 percent loss than the maximum load to which the speci- 
men has been previously subjected. Thus, to avoid possible 
changes of load during X— ray measurements, the following 
general procedure was used. The desired load was applied, 
and then backed off by 15 percent before making the X— ray 
exposures. To find what the stress distribution would have 
boon at the desired load, elastic stresses corresponding to 
the 15-pcrcont decrease of load were added to the measured 
stresses . 


X— ray Technique 


Cobalt X— radiation is recommended for back— ref lect ion 
work on stools; while copper X— radiation is best suited for 
aluminum and its* alloys. Consequently, in making the dif- 
fraction patterns from the steel tensile bars, a Coplidge 
water-cooled cobalt target X— ray tube was used for the pro- 
duction of the X— ray beam and a Phillips— Me.tall ix diffrac- 
tion tube with a copper target was used for the duralumin 
specimen. Both tubes were operated at 35 kilovolts, but 
the cobalt tube required 10 millianpores , while the copper 
tube could bo operated at 20 nilliamper es . . , 

In the investigation of the steel specimens, cameras 
of the Sachs back— ref lection type woro used (fig. 16). 

These cameras wore designed and constructed along with the. 
plate on which thoy are mounted (described later) in this 
laboratory especially for this work by Mr. Prank Miller. 

They consisted of a flat circular cassette mounted normally 
on a hollow axle'. The film, with a hole punched in the r ; - . 

center and., protected by black paper, ’was held in the cassette 
by means of a metal plate. The plate was provided with ports 
for the passage of the X— rays . ' 

The cas'sotto was mounted on grooved rollers which were 
fastened on a plate. The plate was adjustable with respect 
to the X-ray tube in horizontal and vertical moyemont , and 
in angle of inclination with the X— ray-tube. By means of 
these adjustments; it was possible, to pass the main beam of 
X— rays emanating from the tube through the pinhole system. - 
The roller bearings permitted full , r otat i on of the- cassette 
about the X— ray hqam as an axis. The. pinhole system (fig. 16.) 
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was held in a brass sleeve that fit snugly into the hollow 
axle of the cassette. The forward pinhole, was 1 millimeter 
in diameter and was 2 inches from the target. The result- 
ant beam was collimated to 0.10 inch by means of a colli— 

l l. 

mating pinhole Is millimeters in diameter islaced Is inches 
from the forward pinhole. The film to specimen distance 

was 3's inches. Figure 17 shows the plate and the cassette 
with the pinhole system in position. 

After the first picture was taken, it was found that 
the silver calibration substance was too large grained to 
produce a uniform diffraction ring (fig. IS). It wa.s nec- 
essary, therefore, to rock the film in order to obtain an 
accurately measurable silver ring. A rocking device was 
attached to the plate that held the cassette. The device 
gave a rocking motion of +10° to the cassette. Ey releas- 
ing the cam action, it was possible to give the cassette 
a full 360° rotation. Figure 17 shows the cassette with 
the rocking mechanism attached. 

In the case of the duralumin invest igat ion. the same 
type of camera was used (fig. 15). It was found that the 
duralumin was of such a grain size that rocking. did not 
improve the pattern, and hence no rocking device was at- 
tached. The pinhole system which was used for tiae inves — 
t ig?.t ion of this specimen, was essentia,lly the same as that 
used for the steei specimens, giving the same focusing con- 
ditions, but the pinholes were smaller. The. forward pin- 
hole was 0.025 inch in diameter, and the second pinhole 
collimated the beam to 0.075-inch diameter at the specimen 
surface-. 

The position of the X-ray beam on the surface of the 
specimen, where measurements were to be made, was located 
by -placing a fluorescent screen across the notch. The screen 
was* graduated in tenths of an inch by means of. an X-r ay- 
opaque ink. By locating the beam between successive gradu 
ations, its position relative to the sample could be deter- 
mined. The thickness of the screen was taken into account 
when the specimen was in position for the oblique pictures. 

Since the strain in the metal immediately adjacent to 
the notch bottom was of particular interest, attempts were 
mp.de to produce patterns 0.05 inch from the notch bottom. 

Nith a beam 0.10-inch in diameter, the X-ray pattern yielded 
irregular results in this region, and us ua 1 1 y stresses close 
to the average. This failure to register stress concentra- 
tion might be explained by the fact that such stress concen- 
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tration occurs only within a small part of the exposed area 
and possesses a large gradient. Such stresses, apparently, 
have little influence on th-e stress pattern, and their ef- 
fects are unconsciously disregarded in visual measurements. 
Some attempts were made to measure the. peak stresses by 

restricting the beam to 0.02 inch, hut with so small a beam, 
24— hour exposures failed to produce measurable patterns. 
Because 24— hour exposures are’ not commercially useful, 
attempts in this direction were abandoned. 

The (400) plane of silver produces K rings slightly 

(Jj 

greater in diameter than the rings produced by the (310) 
plane of iron, using cobalt radiation. It was decided to 
use silver as the calibration material (etalon) for the 
determination of the lattice parameter of the steel speci- 
mens. The silver was used in the form of chemically pure 
Kallinckrodt silver metal powder, a precipitated analytical 
reagent. It was found that the silver, when applied across 
the notch of the specimen in the form of strips, produced 
silver diffraction lines that were either too dark or too 
light (fig. 19). For that reason, the etalon was applied 
uniformly to the sticky side of cellulose tape, which was 
then glued to the specimen by means of glyptol with the 
silver in contact with the specimen. This method also pro- 
duced a protective coating for the specimen which prevented 
the corrosion of the specimen surface. 

For the duralumin test bar , gold powder (minus 300 
mesh and 999. S fine) was used as the calibration metal. 

It was supplied through the generosity of Handy and Harman 
of New York. The method of application ’was the same as 
for the application of the silver powder , with the ex- 
ception that shellac v/as used to hold the cellulose tape 
to the specimen. The shellac v/as allowed to dry partially 
before the cellulose tape was applied. Several trials were 
necessary to get the gold powder of the right thickness to 
produce diffraction li/ies of the same intensity/ as those 
of the duralumin (fig. 20). 

Assuming that the two principal stresses in the surface 
of the notched bar are always parallel and perpendicular to 
the longitudinal axis, three exposures in different direc- 
tions must be taken in order to determine the complete stress 
state at each point. One of these exposures is usually made 
with the X-ray beam perpendicular to the surface, while the 
other two are oblique, and in the planes formed by the normal 
direction and the longitudinal and transverse axes, respec- 
t ively . 
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The stress state was determined a,t five points across 
the specimen at the bottom of the notch. The stress state 
was assumed to be symmetrical about the longitudinal center 
line, so that the distribution of stresses over only half 
the width of the notched section was sufficient. These po- 
sitions are sho\irn in figure 13. For the duralumin specimen, 
the same assumptions were made, but only four positions 
were studied (fig. 12). For the oblique exposures, 45° was 
chosen as the angle between the surface and the incident 
beam for the steel specimens. 

That part of the radiation from the ta.rget was used 
which made 6° with the horizontal plane perpendicular to 
the X— ray tube. Appropriate templets were made so that 
the specimen might be tilted to the proper angle to make 
the desired angle with the X— ray beam. 

For the normal pictures, a templet of 90o —6°, or 
84°, with the horizontal was used. For the transverse 
patterns, a templet of 45° —6°, or 39°, was used, and 
for the longitudinal pictures, the templet angle was 
90° —4°, or 86 . The templets were made of cold— rolled 
sheet and were such that when the flat side of the tensile 
specimen touched the inclined edge of the templet, the 
■specimen v/as in the proper position. 

In making the normal patterns , both the longitudinal 
and the transverse axes of the specimen were normal to the 
X— ray beam. For the obliqvie pattern necessary for deter- 
mining the longitudinal stress, the longitudinal axis of 
the specimen was inclined 45° to the X— ray beam, while the 
transverse axis was perpendicular to it (fig. 21) and simi- 
larly for the oblique pattern necessary for determining the 
transverse stress (fig. 22). 

All five positions across half the notch (fig. 15) were 
taken for one load and one orientation before the specimen 
was reoriented. For producing the patterns at different i^o— 
sitions on the specimen, since the beam could not be raised 
and lower e d , the specimen was raised or lowered with respect 
to the beam by means of the vertical adjustment on the tensile 
machine . 

After the five exposures for one orientation of one par- 
ticular load were completed, the specimen was unloaded, and 
reoriented. It v/as then reloaded to the same load, and dif- 
fraction patterns were made at the same positions. This 
process was repeated until the three patterns for each of 
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the five positions for, one load were finished. -he procedure 
was then repeated for t:he hext loa.d. 

In exposing, the film-, for the normal patterns, full ro- 
tation of the filin’ -.was used, For the patterns made with 
oblique incidence, the film ;.was r ocked +10° -about its axis. 

•. i ' v ■ ♦- /• 

Thirty degress was chosen as the angle of oblique in- 
cidence for the diiralumip specimen. The method of specimen 
orientation was approximately, the same, hut the method of 
producing the diffraction patterns was slightly different. 

The chief difference occurred in the xorocedure for making 
the oblique patterns. Since -the work on the duralumin 
specimen preceded the work an the steel specimens, not all 
the factors influencing the accuracy (reference l) had been 
studied. In view of this fact, the following is the proce- 
dure that wa s used for the duralumin specimen. With the 
beam at normal incidence, the- pattern was obtained in a 
single exposure (fig. 23a).. For oblique incidence, that 
part of the beam farthest displaced from the normal was 
used (fig. 23b) in order to improve the accuracy. The re- 
mainder of the rays ’^ere blocked out with a lead baffle. 

This required two exposures with the film in two positions 
1800 apart in order to obtain diametrically opposed segments 
for measuring. 

In the steel sample investigation, both sides of the 
diffraction ring were obtained in one exposure by placing 
the film in such a position that each side fell on the 
focusing sphere at the intersection of the cone of diffrac- 
tion and the focusing sphere. 

Since the area of the specimen covered by the X— ray 
beam was ox finite size, and since, for the oblique patterns, 
the specimen was inclined to the incident beam, the simple 
focusing conditions of the normal patterns (fig. 23a) were 
not obtainable. The incident beam did not pass along a 
major diameter of the sphere, but along one of the minor 
diameters (fig. 24a). Therefore, there was only one position 
of the film in which any two diametrically opposite points of 
the diffracted cone intersected the focusing sphere at equal 
distances from the specimen (fig. 24b). For the specimen 
orientation for determining transverse stress, the position 
of the film was such that the longitudinal axis of the film 
was parallel to the longitudinal axis of the specimen, while 
for the specimen orientation for determining longitudinal 
stress, the position was such that the longitudinal axis of 
the film was parallel to the transverse axis of the specimen. 
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In both cases, the filu to specimen distance was the same 
as that for normal incidence. Although the. rocking neces- 
sary to eliminate spottiness of the diffraction lines in- 
troduced an error because of the fact, that this position 
v/as changed, the error was slight. . The roclcing was only 
10° on either side of tlie true position so that the dis- 
placement of the line due to the effect of a strain in 
a slightly different direction was not great. For the nor- 
mal patterns for the steel specimens, the sane focusing 
conditions were used as were used in the case of the dural- 
umin specimen (fig. 23a). 

In making the diffraction patterns for the steel speci- 
men exposure times of 25 to 30 minutes gave easil y measur- 
able films. It was thought that if the exposures had been 
ma.de with an X— ray tube having beryllium windows instead of 
the conventional Linndeman glass, the exposure time might 
have been reduced to 10 minutes or less. The duralumin 
patterns required exposure times of 4— hours. This long ex- 
posure time might be accounted for partia.lly by the small 
size of the pinholes, the extremely fine grained condition 
of the metal and an irregular metallic deposit on the Linnde— 
man windows of the X— ray tube. 

Agfa nonscreen X— ray film was used in both cases. It 
v/as developed in Eastman X— ray developer from 2v to 4 min- 
utes depending upon the temperature of the developer. Al- 
though no attempt was made to control the temperature during 
the exposure time, it did not vary more than ±4° C of 25° C. 

The films were fixed in Eastman X— ray fixer for about 
20 minutes, then washed and dried in a horizontal position 
to prevent uneven shrinkage in the direction of measurement. 


Stress Calculations 

■Diffraction patterns for the steel specimens were meas- 
ured with a comparator (fig. 25) consisting mainly of a 
metric scale and a sliding indicator carrying a vernier. 

The indicator rested almost directly on the film, thus 
avoiding parallax. Reflected light from beneath the film 
v/as used to illuminate the f-ilm. By this technique film 
expansion because of heating'was eliminated. Headings to 
0.01 centimeter were obtainable directly from the comparator, 
and readings to Q.003- centimeter could be obtained by aver- 
aging a sufficient number of readings. 
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In Measuring the dtiralumin diffraction patterns, a 
slightly differ eht' comparator was used. It was capable of 
giving readings to 0,001 centimeter. A sketch of the com- 
parator appears in figure 26. A series of settings was 
made with the indicator on each line until a consistent 
value was obtained. Three series were considered sufficient 
for each film to obtain an accurate average. 

3ach film was checked using the sane technique. In 
more than half the total ntimber of cases, a single check 
was sufficient to show the correctness of the value. In 
the remainder of the cases, the process was repeated until 
consistent values were obtained. When the lattice parame- 
ters agreed to within 0.00010 angstrom units, the values 
were averaged. 

The checks were usually made on different days, and it 
v/as seen that temperature and humidity variations had little 
effect on the measured lattice parameter. 

The duralumin strain patterns were measured on the com- 
parator (fig. 26) mentioned previously. Pach film was meas- 
ured six times and an arithmetic mean taken as the true 
value . 


In calculating the lattice xiaraneter for steel the fol- 
lowing method liras used! 

The diameters of the iron and silver rings were found 
by subtracting the readings obtained at each end of the 
film. The ratio of the silver diameter to the iron diame- 
ter (D- / D-r, ) was found by the use of five— place log 

tables. Prom this ratio, the lattice parameter from each 
film was found graphically from the plot shown in figure 
27a. (This graph was read to 0.00001 angstrom units.) 

The same method was used for the duralumin specimen, 
with the exception that gold was used as the calibration 
material* The ratio of the diameters was then D^/D • 

The lattice parameter was determined by means of the 
group shown in figure 27b. 

The lattice parameters of three films were used to 
determine the stress sta.te at each point, as follows. 

For the longitudinal or transverse stress, the normal 
and longitudinal or transverse parameters were substituted 
in the formula: 
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( a 0 ) L,T ~ ( A o ) x ^ 

(a 0 ) n J (1 + V) sin*$> 

where 

S L j longitudinal or transverse stress 

^ a o^L T P arame ^ er which is oblique to the longitudinal or 
’ transverse direction 

(A Q ) n normal lattice parameter 

E modulus of elasticity 

V Poisson’s rat io 

$ angle between the surface and the oblique incident 

beam 

The modulus of elasticity for steel was taken as 
E = 29,000,000, Poisson's ratio as V = 0.284, and $ 
was 46°. 

For duralumin, the modulus of elasticity was taken as 
3 = 11 000, 000, Poisson's ratio was V = 0.34, and $ 
was 39°. 

Since everything, except Sr., (A 0 ), and (A Q ) n , is 
constant, the formula reduces to: 

s = [<A„)l - <A 0 ) n ] K 

The constant K was evaluated as 

16,800,000 for the X— 4130 steel specimens, and 
4,670,000 for the duralumin specimen 

Therefore, by multiplying the parameter difference by 
K the stress could be computed directly. The accuracy of 
the lattice parameter measurements as well as the accuracy 
of the constants warranted only slide rule accuracy in this 
last calculation. 
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If 'the calculated, stress was positive, the stress was 
considered to. be tension. If it was negative, it was con- 
sidered as compression. 

Corrections were then applied to the calculated stress 
values of the steel specimens. 

These corrections were calculated from the following 
formulas : / 

Longitudinal stress 

(S l ) T = ( s L )c + °- 0P6 ( s l ) C “ 0.030 (S T ) C 

Transverse stress 


= ( ^T ) C ~ 0, 030 (Sj^)q + 0,056 ( Sfj, ) q 

where 

(S^)^ true longitudinal stress 

(SjOq calciilated longitudinal stress 

(S T ) m true transverse stress 
(3^,)^ calculate-d transverse stress 

. * . . • •' 

The stresses for the duralumin specimen appear in 
table I and are plotted in figures 28 to 33. The stresses 
for the steel specimens appear in tables II and' I, II and are 
plotted- in figures 34 to 46. 

Ex perimental Results 

The X— ray diffraction patterns permit the. determinati on, 
for each set of three exposures in different directions, of 
the surface stresses in the longitudinal and transverse direc- 
tions. The investigation was limited to a number of points 
on the surface in the notched- sect ion for a given specimen 
under given conditions of straining.; The individual values 
of stress are assembled into the respective distribution 
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curves of the longitudinal and the transverse ' ( 6r r. lat er al ) 
stresses, for each condition investigated. (figs. 28 to 46). 

. • ' ’• ' ■' • ' „ 

A considerable importance . is ascribed both to the longi- 
tudinal and to the transverse stresses in relation to the 
theory of failure of metals, in particular to the theory of 
failure of brittle metals. Regarding the longitudinal stress, 
the most significant feature is the maximum value or stress 
peak, as previously discussed, while it is the average value '* 
of transverse stress which is of major importance. 

In discussing the results of this investigation, it 
must be kept in mind constantly that the measured values are 
surface stresses only and it is subject of considerable 
argument as to their significance regarding the stress state 
in the interior of the metal. 


Duralumin 

One duralumin specimen was investigated, illustrating 
the change of the stress pattern on loading through the 
elastic range (figs. 28 and 29) up to a load halfway between 
that expected of yielding at the notch bottom and that for 
total yielding (table I). The yield strength of the metal 
was 66,000 psi, the stress concentration factor approximate- 
ly 4. 


The distributions of the longitudinal and transverse 
stress under a presumably elastic load (figs. 28 and 29) 
agree with the expected stress distributions. Figure 31 
illustrates the general trend of the stress pattern occurring 
after and during plastic flow in notched tensile specimens 
(reference 10). 

However, the accuracy of the stress pattern for purely 
elastic conditions was revealed by the X-ray measurements. 

It would be necessary to increase the number of exposures a 
prohibitive extent in order to draw an accurate trend curve 
through the experimental points. Furthermore, X-rays are 
apparently not suitable for the determination of a very steep 
stress gradient, as will be discussed later. 

The distribution of longitudinal stress under an average 
load stress of 33,700 psi, or 60 percent of bhe yield strength, 
(fig. 30) illustrates one point in the spread of plastic flow 
from the notch bottom to the center of the specimen, resulting 
in a considerable decrease of the stress concentration at the 
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notch bottom. Also, the ’d i s<tr ibut i on of the longitudinal 
stress does not conform' to that expected, in that the stress 
at the notch bottom is definitely less than the stress at 
that point at the mpment of yielding. ...This may be due to 
an effect of creep similar to relaxation. 

This stress pattern rather Corresponds to that of the 
specimen loaded up to an average stress of 43,000 psi and 
unloaded to the actual average stress of 33,700 psi. As- 
suming that such an unloading by 10,000 psi average stress 
creates only elastic stresses of three— fourths the amount 
shown in figure .29., the assumed stress distribution under a 
load of 43,000 psi average would be obtained from the actual 
distribution under the load of 33,700 psi (fig. 30) plus 
approximately three— four ths of the stresses under the load 
corresponding to .12,000 psi average (fig. 29). A test of 
this type on steel , yielded a stress d i s t r ibut i on ( f i g, 34a) 
quite similar t o ’ that obtained on the duralumin specimen 
which was subjected to the high load for ,a long time. 

The residual stress distribution curve (fig. 32) agrees 
well with that expected, in that it can be constructed from 
the curve corresponding to a load of 33,7.00' psi average by 
subtracting a hypothetical elastic stress distribution for 
the same load. (fig. 33). In the process of unloading to 
zero load, there should be some. plastic flow at the notch 
bottom. The peak stress of the elastic distribution, which 
must be subtracted to represent the process of unloading, is 
very high. If it is greater than twice the yield strength, 
then the yield strength in compression will be reached before 
complete unloading has occurred, and plastic flow will take 
place. However, this effect should be insignificant insofar 
as i r t relates to the general shape of the residual stress 
pattern, except for the points in the immediate vicinity of 
the notch bottom which cannot be investigated readily by 
X— ray 'stress measurement. 


SAE X— 4130 Steel 

Tiiro steel specimens, provided with notches of F and 
2F percent, respectively, were investigated In some detail. 

The stress distribution of the 2F percent no/tch. speci- 
men under a presumably elastic load was not determined. aC-^- 
curately. The Vtudy of thisrload virk's the first attempt in 
this direction, so far. as steel specimens Were concerned, 
and the calculated values scattered to a larger extent than 
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those of later determinations, yielding no definite stress 
pattern. This scattering was attributed to the spottiness 
of the diffraction lines because of mechanical difficulties 
in the rocking mechanism of the camera. The absence of a 
definite stress peak in these tests (table II) might be 
attributed, also, to the fundamental dif f iculty ■ that steep 
stress gradients are likely to be missed by X— ray stress 
determinations; This will be discussed in more detail. 

I^o n al_ s t rj? ss fo r 25— pe rcent not ched sp ec imen . 

The longitudinal stress distribution for the 50,000 psi 
average load on the 35-percent notched specimen (fig. 34a) 
is in good agreement with- the theoretical distribution. The 
spread of the stress peak toward the center of the specimen 
indicated that the metal at the notch bottom had flowed 
plastically, while the metal in the center of the specimen 
was still under an entirely elastic strain. This is verified 
by the diffraction patterns for this series of tests (fig. 47), 
which became blurred in the vicinity of the notch, while they 
remained sharp in the center of the specimen. Since the metal 
at the very notch bottom showed a stress of approximately the 
yield strength, it might be assumed that the extent of plastic 
flow was limited. If the metal flow had been extensive, the 
metal adjacent to the notch would have strain hardened, and 
would have been capable of bearing a stress in excess of the 
yield strength of 59 v 500 psi. 

■The longitudinal residual stress distribution for the 
50*, .000 psi average load is shown in figure 36a. Residual 
stress results ■ from plastic flow and in the usual case is 
the difference, between the actually measured stress distri- 
bution under load, and the elastic distribution that would 
have resulted had the specimen been able to carry the • load 
elastically. In other .words, the residual stress distribu- 
tion might be obtained approximately , by subtracting the 
theoretical elastic stress distribution from the measured 
stress distribution. However, such a hypothetical elastic 
stress distribution for a. high load cannot be determined ex- 
perimentally, while the actual stress distribution under load 
and the residual stress are -subject to actual stress measure- 
ment. Consequently, by subtracting the residual stresses 
from the actual stresses, the fictitious elastic stress dis- 
tribution is obtainable.. 

Figure 37a shows this fictitious (elastic) stress dis- 
tribution that resulted from subtraction of the residual 
stresses, for the 50,000 psi average load (fig. 36a) from the 
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actual stress distribution for the same load (fig, 34a). 
This curve agrees quite well with the proposed theoretical 
distribution. Here again, however, it was impossible to 
determine the height of the peak accurately. From the 
trend of the curve, it can be seen readily that the stress 
peak might rise to three times the average stress, which 
is in agreement with the stress concentration factor of 
3.5. 


It might also be noted that the integration of the 
stress distribution curve (fig. 34a) determined by actual 
X— ray measurement was 50,000 psi average, or equal to the 
actually applied load. 

Figure 35 illustrates the experimental stress distri- 
bution obtained when the 25. percent notch specimen was loaded 
to 70,000 psi and then unloaded to 59,500 psi average. The 
reasons for the unloading were twofold. First, it was 
thought that the stress distribution obtained from this pro- 
cedure represented a more stable stress state than the prob- 
ably changing stress distribution under high loads, which 
results in "creep" of the metal. It has been discussed 
previously that the stress distribution resulting from the 
high load on the duralumin test bar (fig. 30a) gave a dis- 
tribution curve that did not conform to the expected shape. 

The method of partial unloading gives some control over the 
stress state of the notch section. The nominal load of 
70,000 psi average, was maintained for only a fe.w seconds so 
that creep was negligible. Experiments discussed previously 
in the experimental procedure showed that unloading by approx- 
imately 15 percent of the applied load would prevent creep.. 
With the elimination o f creep, the stress state becomes 
stable, so that the diffraction, patterns for the applied 
load represented the t.rue stress distribution for the applied 
lo a’d. " ' >. • 

t ’ % 

The second advantage of partial unloading was that the 
stress distribution obtained would serve as additional 
evidence as to the validity of previous conceptions regarding 
the stress distribution in a notched and overstrained bar and 
its changes on unloading. 

However, before entering into the discussion of partial 
unloading, another, (phenomenon must be mentioned which is 
apparent from figure ,35a. . The average longitudinal stress 
in this case does not agree with the stress to which the 
load was relieved, 59,500 psi average, but is much lower, 
approximately 50,000 psi. : As such a discrepancy has been 
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observed only after loading to the high load which caused 
plastic flow throughout the notched section, the observed 
low average stress must bo attributed to a noiiuni formit y of 
the stress through the thickness of the specimen. In other 
words, the deficiency of the stress found in the surface 
layers must be compensated for by a higher stress in the in- 
ner fibers. This conclusion is in agreement with the general 
conception of plastic flow in a polycrystalline aggregate, \ . 
the crystals of which are more restrained in the interior 
than at the surface . 

Such a relation would explain, also, that the residual- 
longitudinal stress usually does not average out to zero, 
but to a small compressive stress. This is explained by the 
fact that, subtracting an elastic stress distribution from a 
distribution which shows higher tensions in the interior .-than 
at the surface, the total resultant of the difference being 
zero, would create compression at the surface. 

These relations do not destroy the validity of the pre- 
vious manipulations, regarding the 70,000 psi average load, 
but it should be borne in mind considering the stress distri- 
butions. Furthermore, since these discrepancies were noted 
only for the highest average load, and since the phenomena ; 
that explain them result from plastic flow throughout a major 
portion of the notched section, this discussion will apply 
only to that load which produced, a large amount of plastic 
flow, that is, the 70,000 psi average load. > • ... 

The distribution of longitudinal stresses for. the 
70,000 psi average load which was relieved by 10,500 psi .... * 
average (fig. 35a) shows that the stress peak is not at the 
notch bottom as iri figure 34 a, but is at a po s i t i on ^appr oxi— 
mately 0,25 inch from the notch bottom. This difference in 
the location of the stress peaks can be accounted for by the 
fact that the unloading, which was presumably elastic, caused 
a greater decrease in stress at the notch bottom- than else- 
where, thus leaving stress peaks at, a point below the notch 
bottom. Since the specimen was relieved by 15 percent of' the 
initial load, this relief must be taken into account before 
the stress distribution at the initial load can be calculated. 
Because the 15 percent unloading constituted an elastic relief, 
an elastic s t re s s. di s t r ibut i on for an average stress of 15 per- 
cent of 70,000 psi, or of about 11,000 psi, had to.be added to 
the actual distribution curve (fig,. 35a) in order to determine 
the distribution before the unloading. As there was no way of 
actually determining the elastic stress distribution, the 
theoretical elastic curve for the 50,000 psi average load 
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(fig. 37a) was taken as representative of an elastic distri- 
bution. . „ r, 

Figure 38a shows the hypothetical distribution of the ' 
elastic longitudinal stress for an average stress of 11,000 
psi, which was constructed from the theoretical elastic dis- 
tribution for the. 50,000 psi average load by reducing all 
the ordinates proportionately. This curve was added to the 
actual stress distribution curve as determined by the X— ray 
measurements, and the curve that represented the actually 
applied load was obtained (fig. 39a). The metal adjacent 
to the no t ch ; bear s . a load in excess of the original yield 
strength of 59,500 psi average. This is % n keeping v/ith 
the theory that the metal at the notch bottom flowed pi as— “ v ’ 
tically and so underwent some degree of strain hardening. 

The center elements of the specimen carry a load slightly 
below the original yield strength. This/would ; seem to indi- 
cate that although the average stress was well beyond the 
yield strength of the material, the distribution was such 
that the center elements of the specimen were^ stidl under 
elastic stress. : c> . * 


Another possible explanation of this dip in the center 
of the stress distribution curve might be the previously 
discussed phenomenon that the surface crystals of a crystal- 
line aggr egat e bear 1 e s $ stress t han the average stress for 
'• the aggregate; ' 

The integration of the curve representing the longitu- 
dinal stress while under load (fig. 39a) gave an average 
stress of 60, 000. psi, while the applied stress was 70,000 
psi average.. This is again in keeping with the theory of 
uneven distribution, of the stress along ,a r : line perpendicular 
to the surface. * / . - , . , 


Figure 40a shows the longitudinal residual stress dis- 
tribution for the 70, 000 psi average load. The curve is 
similar to that of the longitudinal residual stres^ curve 
.for the. precipus load of 50,000 psi average (fig. 2i6a). 

The compression at the notch bottom i s- much,, higher , as would 
be anticipated from the fact that the stress peak of the cor- 
responding. fict it. ious elastic stress distribution is propor- 
tionately higher for the higher load. However, the increase 
in actual stress with increasing load .is relatively uniform 
over the cross section because, of the effects of plastic flow. 
Thus, when a much higher elastic stress peak is subtracted 
from an actual stress that is only slightly higher, the result 
ing residual stress would have a larger value in . compression. 


24 


NASA TN No. - 9 87 


In the residual stress curve for the 70,000 psi average load, 
the tension peaks have moved in farther toward the center of 
the seecimen than- is the case for the 50,000 psi average 
load. This, too, can be accounted for by the shape 6f the 
fictitious elastic stress dist r ibut ion curve. The tensi on' 1 
peaks, have a wider base, and ... consequently when they are subi- 
tracted,. the tension peaks remaining in the residual stress 
curve are farther from the notch bottom. 

When the longitudinal residual stress was subtracted 
from the, actual longitudinal stress for the 70,000 psi 
average stress load,; the fictitious elastic stress distribu- 
t i on...curv e shown in. figure 41a resulted. This curve bears a 
striking^ similarity, to the theoretical elastic stress curve 
for the 50,000 psi average stress load (fig. 37a). The 
stress peaks again rise- to a value that might be 3.5 times 
the average stress of the fictitious elastic distribution for 
the 70,000 psi average stress. The average stress determined 
by integrating, the curve was 69', 000 psi. This is in close 
agreement with the actually applied load of 70,000 psi aver- 
age. In other words , the total unloading causes changes of 
stress which are practically only of an elastic nature, and, 
consequently., for the surface do not differ materially from 
those for the interior fibers. 

•: ' ■ C: . . i 1 j .■■ ■■■ 

? e_ j t. r e j s_ f o r the 25— percent notched. specimen . 

Figure 34b illustrates the transverse stress distribution for 
the 2 . percent notched specimens, stpained to the average load 
of 50,000 psi. The transverse -stress „is zero at the notch 
bottom, becomes a maximum at a point . 0 .. lH'^inch from the notch 
bottom, and then again decreases to a very low value in the 
ceifcter of the specimen. Such a stress distribution agrees 
with both theoretical conceptions and photoelastic measure- 
ments, as previously discussed. 

•: J-. v •' : ., . 

Figure 36b shows the residual transverse stress distri- 
but i qn-tfqr ..the 50, ; 0d0 psi average load. 'It will be noted 
that the -transverse residual stress has approximately the 
same- distribution curve as the longitudinal residual stress, 
with twe exceptions. The first is that the stress at the 
notch bottom must be zero. for the transverse stress, while 
it is probably high in compression for the longitudinal 
stress. The second is tHat the longitudinal residual stress, 
in the center is compression, while the residual transverse ' 
stress-in the center is tension. 

• r. : : i 

Subtracting the residual stresses from the actual stresses 
in order to determine the fictitious elastic stress distribu— 
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t i on was also used in regard to the transverse stress. -Fig- 
ure 37h shows the resultant distribution which is again in 
agreement with the generally accepted conceptions. 

The distribution Of the transverse stress under an 
average load of 59,500, after unloading from an average 
load of 70,000 psi (fig,' 35b) shows two significant phenom— . 
ena. First, the stress peak has moved closer to the center, 
appearing at 0.25 inch from the notch bottom, and secondly, 
the average transverse stress was increased, almost in pro- 
portion to the average longitudinal stress. 

The effect of unloading by 15 percent is presumably 
purely elastic, as illustrated in figure 38b. When this 
curve was added to the actual stress distribution as deter- 
mined by X-rays, the curve shown in figure 39b resulted. 

This curve represents the lateral distribution for the ; 
applied load of 70,000 psi average. 

Figure 40b shows the transverse residual stresses for 
the 70,000 psi average load. This curve is similar to the 
lateral residual stress curve for 50,000 psi average load. 
However, as expected, the distribution of the 70,000 psi 
average lateral residual stress curve shows greater com- 
pression peaks and higher tension in the center of the 
specimen. 

When these lateral residual'- stresses for the 70,00.0 
psi average load (fig. 40b) were subtracted from the curve 
representing the lateral stress distribution for the total 
load of ; 7 0, 000 psi average (fig, 39b) a fictitious elastic 
distribution for the lateral stresses under a load Qf 70,000 
psi average was obtained (fig. 41b). This curve agrees with 
the. one representing the fictitious elastic distribution for 
the 50,000 psi average load. The stress peak is in both in- 
stances at approximately the same place, while the tension 
in center is increased more than in proportion to the applied 
load., - . ./;• . 

Stre sse s for th e 5 -per cent_notched specimen.— The .5- per- 
cent notched; specimen did not exhibit 1 the shafp stress peaks; 
(.figs. 42 to 46) that tha 25-percent notched specimen did. 
Although the stress peaks probably' did exist, their presence 
could not be detected. This was ascribed to the limited sen- 
sitivity of the X— ray method. In this case, the stress peak 5 
was thought to be of sufficiently narrow width that it was 
not apparent in the diffraction patterns. Since the beam 
covered 0.10 inch of the notch width, the displaced diffrac— 
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tion line due to a sharp peak might not he apparent when 
included with the more intense line due to a uniform stress 
in the larger region of adjacent metal. 

Figure 42 shows the stress distribution for an average 
stress of 17,000 psi. With the stress concentration factor 
being approximately 2.5, this load was well within the elas- 
tic range of the steel. The longitudinal stress distribution 
(fig. 42a) shows no stress peaks, but an average value of 
18,000 psi, in agreement with the applied load of 17,000 psi. 
The transverse distribution curve (fig. 42b) shows a uniform 
scattering about the zero line. 

Figure 43 shows the distribution for the 30,000 psi 
average load which was unloaded by 15 percent to 25,500 psi 
average. The specimen was unloaded again with the thought 
that there was plastic flow at the notch bottom, and the 
relief of a portion of the load would prevent creep. The 
curves show a uniform stress distribution in the case of the 
longitudinal stresses, and again no lateral stress. The X— ray 
measurements yielded an average stress of 22,000 psi, which 
is not sufficiently different from the applied average load 
of '25,500 psi average to draw any definite conclusions. 

Since it was thought that plastic flow had occurred, the 
specimen was unloaded entirely after having been subjected to 
an average stress of 30,000 psi, and residual stress deter- 
minations were made (fig, 45). No residual stress exceeding 
the accuracy of the method was found. The scattering might 
be attributed to experimental error, or to slight residual 
stresses introduced in the process of making the specimen. 

It was desired to have the highest load exceed the 
yield strength of the material, but the difficulties of pro- 
ducing sufficient strain to cause appreciable strain harden— 
ing prohibited loading the specimen to the desired load. The 
specimen was loaded to 50,400 psi average, then unloaded 15 
percent to 41,400 psi average. Figure 44 shows the distribu- 
tion curves that resulted. Again no stress peak or lateral 
stress was apparent. The X— ray measurements yielded an aver- 
age stress of 39,000 psi, which did not sufficiently differ 
from the applied average stress of 41,400 psi average to per- 
mit the formation of any' definite conclusion. 

Residual stress determinations for this load (fig, 46) 
also yielded scattering along the zero line. 
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X-RAY DETERMINATION OF RESIDUAL STRESSES IN A 
BUTT-WELDED SAE X-4130 STEEL TUBINO 

•i • f 

Previous Histo ry 

. . . . „ . . \ , 

The X— ray diffraction method of stress determination 
would seem to possess unique advantages when applied to the 
study of residual stresses in welded structures. For this 
r'eason a study of a welded tube was undertaken, in connec- 
tion with the present report, in order to study the merits 
and possibilities of the X-ray method as applied to welds 
in aircraft materials in particular. 

In relation to welds, the X— ray method has the inherent 
advantage of using a small gage length, of being nondestruc- 
tive, and of providing a convenient method of determining 
the complete stress state. Since it is. well known that the 
res idual stress state in and near a weld is characterized 
by large stress gradients, , the first feature is of some im- 
portance in determining the effect, which is unknown as yet, 
of residual stress on weld strength. Since mechanical 
methods for the determination of residual stress necessarily 
involve the removal of material, which may greatly alter the 
stress picture where steep stress gradients exist, the non- 
destructive feature of the X— ray method is an important ad- 
vantage even for experimental work, and especially for possi- 
ble routine useof the method. Finally, mechanical methods 
generally will not lead to the determination of the complete 
s t re s s s t at e . • <■ ; 

The problem of weld' stresses has attracted many inves- 
tigators, resulting in a large amount of information on this 
subject (reference 11). However, only few attempts have been 
made to derive, .fr^om experimentation or theory, a general and 
accurate pattern of stress distribution in a particular as- 
sembly. The conclusion can be drawn froii the previous work (that 
the stress state in a welded structure, particularly in the 
most frequently investigated structure, welded plate, is very 
involved and not readily explained. 

It may be expected that the residual stresses in a 
welded structure will follow some general pattern depending 
upon the geometry of the welded piece?, but that local fluc- 
tuations will be superimposed on this pattern. In order to 
keep the general pattern of residual stress as simple as pos- 
sible, the cylindrical geometry of thin— walled, butt— welded 
tubes was chosen. 
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Previous investigations’ of various types have been 
carried out in this laboratory on such welded tubes of the 
same material. These invest iga-t i ons have resiilted in the 
collection of data on the microstructures found in the weld 
and base materials, the hardness values in the same regions 
and data on the average circumferential stress at different 
sections of the tube as obtained by a mechanical method. 

The data of Sachs and Graham (reference 12) on the residual 
circumferential stress (fig. 48) confirm the general con- 
ception of the development of residual stress in a welded 
structure. The welded bead, being the hottest part, tends 
to contract more than the parent metal. This contraction 
introduces circumferential tension in the deposited metal. 
This tension is counterbalanced by compression in the base 
metal, in agreement with theoretical conception. The magni- 
tude of this compression decreases with increasing distance 
from the weld, presumably according to a logarithmic func- 
tion. A comparison of this stress distribution with macro- 
graphs (fig. 49) shows that the residual stress in such an 
externally unrestrained weld is limited approximately to 
the hea t— af f ec t ed. zones, that is, the regions that were 
heated above the critical pange. Eardness results of 
Mastenbrook and Steffan .(reference 13) showed considerable 
local variations in a circumferential section at the center 
line of the weld. These variations were not so pronounced 
in sections removed from the center of the weld. The aver- 
age hardness along an element of the tube (fig. 50) showed 
a minimum of 82 Rockwell B in the weld metal. The hardness 
rose to a maximum of 10F Rockwell B at a distance of 1/4 
inch from the weld. From this value, the hardness decreased 
to 87 Rockwell B at 3/4 inch and finally increased again to 
a value of 100 Rockwell E at lj? inches from the weld, in the 
base alloy steel. The mi crostruc.ture of the butt— welded 
tube (fig, FI) was found by the same authors to be a Widman- 
statten structure of varying grain size at the center of the 
weld, which dhanged gradually with increasing distance from 
the weld through a coarse-grained to a fine-grained normal- 
ized structure, then to a r.ecrystal li zat ion structure, and 
eventually to that of the parent metal. 


Materia l a nd Pr ocedure 

Material and Preparation of Specimen 

Commercial SAE X— 413 0 steel tubing, lir-inch outside 
diame-ter and 0. 084— inch wall thickness was supplied for the 
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investigation by the Ohi.o' Seamless Tub$ Company, This steel, 
in the as-received condition, had ; a'n’ ultimate strength 6f 
approximately 110, GOQ psi , a yi eld ; strength of 90,000 psi, 
and an elongation . of 15 - percent . The tubing was stress 
relieved, and,. the absence of residual stress was determined 
by the split-ring method (reference 14);’- 

=: * / • • ( r *; .* 1 1 < . * /. * i .. • ' ■ • / 

Pieces 6 inches in length were cut from the tubing and 
end— ;faoe4 .pn a lathe. Two such pieces • v. r dre butt— welded by 
the. *Gxyapetylene. process in the production line of a company 
producing aircraft parts and accustomed* “to welding such 
material. Welding rod of SAP 1006 steel l/ 8* inch in diameter 
was used. The we;lds v/ere tacked on opposite sides. The weld— 
ing was start e 4 d, bet ween . the two tacks and was then made con- 
tinuous. Thus the. -warpage was .maintained at a minimum. The 
specimens .were only locally preheated with the toroh, and 
after welching were allowed to cool in air, then sandblasted 
to. remove.’ ft hie* is c ale. 4 

The tubular specimen was then machined inside and out— 
.side to a truly, cylindrical shape.. By this procedure the 
wall thi ckne.s-s. wa-s. reduced from 0.084 to 0.0F0 inch average 
^ k~pkne s s.,,, the original thickness of the welded bead being 
1/ 8r /Lnch. : . fV A circumf erent i.al gage line was scribed around 
the tube -.a-fc ,pne. end to serve as a longitudinal reference line. 
Similarly,., loagitudinal ga-ge lines were scribed at one end, 
at. internal.? . pf 5° on the circumference to serve as reference 
lines for the:, circumferential “position” of the points of 
measurement . 

'i ; * r» c o 1 * :> f o 'r - o 30 y !o v 

Thpr'Scale was carefully pickled off a considerable area 
around the tube in the vicinity of tne weld. The cleaned 
area was then covered with an extremely thin coat of lacquer 
to preyent .subsequent rusting. 


f ? * ^ 'j . w X-Ray Technique *• ; 

In‘ order to obtain precise, lattice parameter values, 
it is necessary to apply some calibration material of known 
lattice parameter t,o the surface, of th& . r s«pecimen. The ma- 
terial used was Mallinckrodt s i lver.. me t al., precipitated 
analytical reagent grade. This po.w-d.e : r was sprinkled on a 
long strip of Scotch tape and then brushed to a uniform layer 
with a camel 1 s hair brush. In ,tih£. procp-ss, all excess powder 
not adhering to the tape was, bru.sh.ed off'. The Sootch tape 
was then attached to the weld with thinned lacquer. 
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For a complete stress determination, at each selected 
point on the surface , diffraction - patterns with the incident 
beam making a number of different angles with the. normal to 
the surface are required. The directions shown in figure 
52 were chosen, corresponding to method G-l-A of reference 1. 
The longitudinal stress is determined by a normal picture 
and a picture taken in the direction L (fig. 52) with the 
incident beam in the plane defined by the normal N and the 
tube axis A and at 45° with the normal. The transverse, 
or circumferential, stress is determined from a normal pic- 
ture and another picture in the direction C (fig. 52) 
taken with the incident beam in the plane normal to the tube 
axis but with the beam making an angle of 45° with the sur- 
face normal at the point in question. In order to make a 
complete stress determination, still another pattern is 
necessary, preferably one making an angle of 45° with the 
normal and such that the projection of the incident beam on 
the tangent plane also makes an angle of 45° with the simi- 
lar projections of the C and L beams. 

A goniometer was constructed to hold the welded tube in 
position on the X-ray tube table. This goniometer (fig. 53) 
allowed two translational and two rotational degrees of free- 
dom, and a third translational degree of freedom was avail- 
able by shimming the tube to different heights on the table. 
This combination of motions enabled any spot in the tube to 
be X-rayed, at any angle, although the actual computation of 
th.e necessary coordinates was in some cases tedious. 

The X-ray camera used was a Sachs back-reflection camera 
equipped with a device for rocking or rotating the film. 

(See figs. 16 and 53,) 

The collimation system was set up to obtain the focus- 
ing condition for a normal picture and the same setup was 
also used for the oblique pictures. A focusing pinhole 0.040 
inch in diameter was used with a front pinhole 0.080 inch in 
diameter. The combination produced' an X-ray spot on the sur- 
face of the tubing 0.10 inch in diameter. 

A General Electric X-ray tube with Lindemann glass win- 
dows and a cobalt target was employed. The tube was operated 
at 35. kilovolts and 10 mi 11 iamper e s' 1 . Exposures were 1/2 hour. 

The patterns were measured on a visual comparator hav- 
ing a least count. of 0.02 millimeter. 
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The first step in the stress analysis of the welded tube 
was to determine at what points in and near the weld signifi- 
cant X— ray measurements could be made, and where they were 
impossible because of the unfavorable condition of the metal. 
For this purpose a series of patterns was taken on the center 
line of the weld at 6° intervals completely around the weld. 
Furthermore, a series of patterns was taken across the weld 
at several circumferential positions. These patterns were 
all normal patterns and were made with complete rotation of 
the f i lm. 

The 72 normal patterns taken at 6° intervals around the 
circumference on the center line of the weld were then meas— 
tired, and lattice parameters were computed by the methods 
outlined in reference 1. The measurement was necessarily of 
poor precision in the frequent cases where the diffraction 
lines were broad. However, a measurement of sorts was ob- 
tained. Repeated measurements on different patterns showed 
that the maximum error in lattice parameter was about 0.0002 
angstrom unit.. This is greater than the maximum error 
which occurs when "sharp line" diffraction patterns are 
measured. 

From the lattice parameter a measured on a normal 
pattern taken under full rotation, the sum of the principal 
stresses can be computed using the expression: 


Sl+ 3(4= ( a - a Q ) = 36.2 (a- a Q ) x 10 e psi 

„ V 


whe re : 


E = 29 X 10® psi 
( ir = 0,38 

a = 2.86100 angstrom units 

\ • 

This expression is approximate, being subject t o a f— _ 
percent correction because of the fact that the parameter a 
is not the true normal parameter. The expression is accurate 
enough, however, in view of the over— all precision of the meas- 
urements in this particular case. Using this relation, the 
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sum of the principal stresses was computed under the assump- 
tion that the lattice paramenter a Q of the stress-^free ma- 
terial was 2.86100. This assumption is reasonable, since 
the material in the weld ( SAE 1006 steel) contained no alloy- 
ing elements except carbon, which has a negligible effect on 
the lattice parameter. Further, the sum obtained, in this 
way agreed with that obtained by adding tb® longitudinal and 
circumferential stresses, wherever they were obtained indi- 
vidually. •; 

In a circumferential region at the center of the v/eld 
(positions 125° to 160°) longitudinal and transverse 45° 
pictures were taken in order to determine the longitudinal 
and circumferential stresses. The pictures were taken with 
+15° rotation of the film. This was necessary to smooth 
out the slight spottiness of the silver lines; the iron 
lines were in no cases spotty. In the oblique films the 
diameter of the. film normal to the plane of incidence v/as 
used. The films were measured in a manner identical with 
that in which the normal pictures were measured,. The result- 
ing parameters a^ or a c may be used in the expressions: 


E ” 

( a L — «-) 

(1 + V) a 

0 

sin" 1 4F° 

F3 

< a c - a ) 

(1 + v)a 
' 0 

sin c 46° 


to compute the respective stresses. These equations reduce 
t o : 


= 16.4 x 10 6 , (a^ — a) 
S c = IF. 4 x 10 6 (a c - 1) 


using the same constants as before. 

Two positions, 60° and 275°, were chosen to investigate 
the situation across the weld. Normal, longitudinal, and 
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transverse patterns were made across the weld on these two 
longitudinal elements’- at ■> 0 : . OF— inch intervals. The investi- 
gation extended 0, 1R' inch on one side of the estimated tenter 
line and 0.20 inch on th'e other, being stopped in each- case 
by the previously mentioned metal condition. Parameters; 
were calculated and stresses computed in the manner just 
described. •' •• 

Exp erimental, _Resul - t - s 

There has beeh- considerable previous \j/ork on welded 
parts using the X— ray diffraction method, (See reference 1.) 
This work has- been concerned entirely with plain., low carbon 
steels; however, this material is of little interest in the 
aircraft industry. The present investigation, on the con- 
trary, has been concerned with a chrome— moly steel ( SAE 
X-413.0), which is one of the principal aircraft metals. 

This is .me'ntji oned now because the results of the investiga- 
tion. show that the type of material concerned plays a very 
important part as td the usefulness of the method. Y/hile 
prey! ous investigators have been able to report favorable 
results of X— ray stress measurements on plain carbon steels, 
in the present investigation it was found impossible to de- 
termine stresses in the base material,^ the alloy steel, by 
any of the methods applied. This result is due to the condi- 
tion of the metal. 

It was possible, however, to make accurate determinations 
in restricted regions of the >weld metal, and to this extent 
only the X-ray method has proved successful, yielding some 
new information on the stress conditions in welded structures. 


Metallurgical Conditions ;; . • 

• * * 

In order .to make accurate stress measurements, any steel 
to be investigated must be in ,a suitable metallurgical condi- 
tion. This, in turn, depends* ^mainly upon the response of the 
particular steel to the heating and cooling cycle at any 
point of the weldment during and after the welding, 

A welded steel part consists fundamentally of four struc- 
turally distinct regions: 

(1) The weld proper, possessing a cast structure 
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•'2) The adjacent region which has been heated to a 
temperature above the critical temperature of the particular 
steel and cooled comparatively rapidly 

(3) The region heated below the critical but above the 
s t re s s -reli eving temperature of the steel 

(4) The region practically unaffected by the welding 
process 

If a weldment is not restrained, such as in this in- 
vest i ga,t i on , weld stresses are restricted to the weld proper 
and to the adjacent metal, regions (l) and (2), according to 
previous investigations. In the case of a restrained weld- 
ment, long range residual stress may be developed also in the 
metal farther from the v/eld bead (reference IF). 

Of the two regions of the investigated tube presumably 
containing residual stress, only the weld bead (region (1)) 
was found to yield X— ray diffraction patterns which permitted 
a stress measurement by the selected method. The patterns 
showed the' K q — doublet in varying sharpness, ranging from 

clearly separated K x and K £ lines to a rather broad line 
with a single maximum. 

t v 

A semi quan t i t at ive method of specifying the breadth of 
the diffraction lines was adopted for convenience. The films 
were rated on a 1— to— 6 basis, 1 being the good extreme and 
6 the poor extreme (fig. F4). .Houghly, a rating 1 was as- 
signed to a line if the doublet Was resolved distinctly. The 
rating 6 corresponded to a line so broad as to raise the qu.es 
tion if it were indeed present. In this investigation, lines 
rated as 1 to 3 could be measured with a good accuracy, while 
some measurements of doubtful accuracy were made on lines of 
poorer accuracy. Approximately' FO percent of the circumfer- 
ence of the weld bead was rated 3 or better, and FO percent 
was 4 or worse (see fig. F8). 

Thus, even the low— carbon steel of the weld proper -was 
distorted during the welding procedure to such an extent that 
the accuracy of X— ray stress measurements is seriously im- 
paired in a considerable portion of the bead. 

Some further difficulties resulted from the large grain 

size of some surface areas of the welded bead, which did not 

yield uniform diffraction lines even'when the film wa3 rocked 

but resulted in streaks within the X -doublet (references 16 

Cl 
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and 17). However, this applied only to a few exposures. 

One out of approximately two hundred films was impossible 
to measure because of this difficulty. In all other cases, 
rocking of the film during exposure produced measurable 
lines. 

• - ' • ' 2 ... " ; • 4 . r. . " . 

In all cases the metal adjacent to the weld yielded. 

X— ray patterns composed of such broad, diffuse lines that 
stress determinations by the method applied were not suc- 
cessful, It is possible that some method might be applied, 
which, however, would be extremely tedious and time- 
consuming (reference 18). The change along two selected 
elements is shown in figure 55, in which the ratings are > 
plotted for a number of films, illustrating the previously, 
discussed variations of the metallurgical condition, If 
exposures are taken a certain distance away from the welded 
bead (in region (3)), the heating has been sufficient, to 
remove the effects due to cold work, but not sufficient to 
cause effects by cooling from above the critical, and sharp 
diffraction lines are obtained. 


Stresses across the Weld 


-The changes of the 1 ong.i tudi nal and circumferential 
stresses, across the weld were determined for two elements 
at 6.0° and .275° (table IV and fig. 56). Exposures were 
taken, in intervials .of 0.05 inch on both sides of the visual 
center of the weld. • The width of the weld proper, as ap- . 
parent to the eye after machining and- etching, was approxi- 
mately 0.30 inch. However, width and position of the weld 
vary for different points around the tube, and consequently-, 
the assumed center line has no phy sical significance. fur- 
thermore, it is clearly recognized from figure 56 that the 
stress state is not symmetrical about the assumed center ;■ 

line or’about any other possible position of a center line. 

A suggestion of symmetry can be seen in the readings for t,he,: 
60° position but .none for the 275° position. 


‘ , • «, '••• r rV' r) .f 

Bo t ; h the longitudinal and 1 transverse stresses change ? 
with the positi.cn across the weld.-'* Apparently the stress 
pattern is characterized by a fairly slow change of the 
stress., as compared with the rapid fluctuations around the,... 
tube , as wi^.l, .ba, di saussed .Eaterv 1 ♦ 


* However., disrpiacemeh.t o-f the point of exposure by 
0.05 inch migtt = cause -in some cases a change of one of the 
s tr e s se s . of j as much ' as 550, 0Q0' V to 40, 000 p's i’. • 
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Longitudinal and Circumferential' Stresses 
around the Tube 

Figure 57 shows that accurately measurable X— ray 
patterns were restricted to two large and several small 
regions around the tube. 

t 

The two large regions were selected for the measure- 
ment ’of both the longitudinal and circumferential stresses 
in intervals of 6° along the center line of the weld. In 
addition, such stress measurements were made also for each 
interval of 45°. The results are represented in table V 
and figure 58, showing what regions yielded accurately 
measurable films. 

No attempt was made to draw trend lines through the 
experimental points in figure '53. The individual points 
would deviate from any possible trend line byas much as 
+ 10,000 psi. These variations exceed the presumable ac— ; 
curacy of the stress measurement by two to three times, 

As the accuracy of locating a desired part is estimated 
to be considerably better than 0.0005 inch, these variations 
can be explained only as actual fluctuations of the residual 
stress in the welded bead. Consequently, in order to obtain 
a fairly complete stress pattern around thb- tube, exposures 
must be taken in very small intervals, say of 0.010 inch 
along the circumference; To do this, the technique used in 
the present inve s t igat i bn would have to be changed, the 
width of the exposed arba being too large in relation to 
the expected frequency of the fluctuations. 

The slightly reduced scattering in the range of 125° to 
160° in comparison with that in the range 15° to 65° can he at 
tr touted to two factors. First, the rating of the lines was 
better, and second, the film measurements were repeated sev- 
eral times in order* to improve the accuracy. However, since 
these measures caused only a slight reduction of the fluctua- 
tions, the, fluctuations were considered as real, 

H r , , . ; , 

Neither the longitudinal nor the circumferential stress* 
shows an average which is either definitely tension or defi- 
nitely compression. From the thermal conditions of welding;, 
a considerable average tension in the circumferential direc- 
tion should be expected in the welded bead, while the average 
longitudinal stress should be zero. The determined surface 
stresses certainly do not offer any confirmation of this 
expec tat i on. 
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, Sum of Principal Stjess.es 

In many X-ray invest i gati on s , only one exposure, per- 
pendicular to the surface at each point, was made, and the 
sum of the two principal stresses Si + S 2 in the surface 
was determined. Such a procedure assumes the knowledge of 
the stress-free .lattice parameter a 0 . 

On the contrary, three exposures made at each point 
permit the calculation of the stress-free lattice parameter 
a 0 at this point, as well as two stresses in the surface, 
according to the following equation: 

a 0 = a (— (S L + S C ) 


, The stress-free parameters were calculated for all 

points where the longitudinal and circumferential stresses 
were measured. The values (table VI) vary to a considerable 
extent.., the average .value being 2.86110 ± 0.00020 angstrom 
units; and some values deviate as much as ±0.0004 angstrom 
unit from this average. This accuracy is as good as can be 
expected, even for regular determinations of lattice param- 
eters by the back-reflection method (reference 19). Conse- 
quently, it cannot be decided whether the variations are 
caused by random errors or possibly by differences in the 
steel composition. This second explanation' is suggested by 
the fact (apparent from table III) that within' any one re- 
stricted interval the values agree considerably better than 
the values from different intervals. 

It might be assumed that by making a si ngl e 'expo sur e 
perpendicular to the surface, the' sum of the principal stresses 
can be measured with sufficient accuracy, when the stress-free 
lattice parameter is taken as 2.86100 angstrom unit-s. A large 
number of such X-ray patterns were taken, therefore, and the 
sum of the principal stresses determined (table VII and fig. 58). 

However, the sum of the principal stresses • S x + S 2 , ob- 
tained in this manner, is not the sajne, as that determined by 
addition of the longitudinal and circumferential stresses 
Sj, + = §i + S 2 without using th.e stress-free lattice pa- 

rameter (fig. 58). The values determined by the two methods 
agree comparatively well, considering the uncertainty regard- 
ing the stress— free parameter and the difficulty of reproducing 
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the exposed area in two independent series of tests. The 
deviations from a trend line can he kept below approximately 
+10,000 psi. It is apparent from these results that the 
single exposure method does not yield sufficiently accurate 
and lucid stress values. 

The sum of the principal stresses (fig. 58) again illus- 
trates the rapid fluctuations of the stress state around the 
tube. No correlation is apparent between the surface stresses 
and the mechanism of the welding process. 


Individual Principal Stresses 

Utilizing independently the two sides of each film ob- 
tained in the two oblique directions, four values of lattice 
parameter are obtained which permit the determination of the 
magnitude and direction of the two principal stresses (see 
reference 1, method G4), This method is not very accurate, 
and the following results (assembled in fig. 59 and table 
VIII) are therefore open to considerable argument. 'The meas- 
urements were restricted to one region, 125° to 160°, which 
yielded readily measurable films. 

P.egarding the directions of the principal stresses,- 
figure F9a shows that they scatter irregularly about the 
longitudinal and transverse directions. The accuracy of. 
these angles is very limited and consequently the results 
cannot be taken as a proof either that the principal direc- 
tions coincide approximately or diverge considerably from 
the longitudinal and circumferential directions. 

The principal stresses (fig. 59b) differ from the longi- 
tudinal and circumferential stresses (fig. 59c) but not to a 
sufficient extent to, warrant any other conclusion but that the 
longitudinal and circumferential stresses are the principal 
stresses. The distribution of the one principal stress S r 
over the investigated range agrees with that of the circum- 
ferential stress Sq, and the distribution of the other prin- 
cipal stress' S £ corresponds to that of the longitudinal 
stress S^. 

A more accurate X— ray stress measurement method must .be 
used to obtain more decisive information regarding the mag- 
nitude and, in particular, the directions of the principal 
stresses. . • -j . 
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• - 1 CONCLUSIONS 

’ } ■* ... . 

Measurements by means of X— ray diffraction techniques 
of the principal stresses in flat notched tensile bars of 
SAE X— 4130 steel ahd 24S— T aluminum alloy have demonstrated 
the following: 

1. X— ray d if f fact i on methods can be used to determine 
surface stresses in metals in which the stress gradients are 
not steep, provided the Condition of the metal is suitable. 
Measurement of stresses in the interior of a metal is not 
possible at present- except by inference from the surface 
stresses. The measurement of highly localized stresses can- 
not be achieved by X— ray diffraction without extensive ex- 
perimental precautions. 

2. The longitudinal stress in a flat— notched speci- 

men was found to be in agreement ■ wi th the results of previous 
theoretical and photoelastic investigations so long as the 
metal was elastically strained. The changes of longitudinal 
stress have been determined for the range in stress in which 
the notched section becomes progressively plastic. These 
stress changes were found to confirm previously developed 
theories. ■ - ’ * . 

3 . ' In the range of elastic stress, the ratio of the 
average transverse to longitudinal stresses was found to be 
independent of stress but varied with the degree of notching. 

4. When the average stress exceeds the elastic range 
and progressive plastic flow occurs without further increase 
in load, the stress distribution changes gradually because of 
yielding, the change being of the same type as that caused by 
partial unloading. It was further noted that surface stress 
does not increase as rapidly as the stress in the interior 
when the average stress - is beyond the. elastic range. 

Attempts to determine the residual stresses in a butt- 
welded joint in SAE X-4130 steel tubing by means of X— ray 
diffraction showed that: 

(a) The residual stresses present in a structure 
welded from the alloy steel SAE X— 4130 cannot be measured in 
the regions of the parent metal, affected by the heat. These 
heat— af f ected regions presumably contain large residual 
stresses. 
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(b) Only if the weld head is made from low— carbon 
steel can accurate stress measurements be made in the bead. 
However, the structure of the deposited metal varies con- 
siderably; and so, me .parts may be in such a condition that 
the accuracy of the measurements becomes very small. 

(c) Large variations of the surface stresses in 
both the longitudinal and circumferential directions were 
observed, both around the weld and across- the weld-.: 

(d) In the longitudinal direction, the highest stress, 
values measured were 12,000 psi in tension and 20,000 psi in 
compression. The average stress was a small compressive 
stress. As the butt— welded tubing is not restrained . in the 
longitudinal direc t i on , li t t le longitudinal stress was ex- 
pected. 


(e) In the c ircumf er ent i al . d irec t i on, the highest 

stress values measured were 30,000 psi in tension and 15,000 
psi in compression. The average stress was approximately 
6000 psi in tension. This corresponds to the value expected 
from previous measurements by mechanical methods. The low 
magnitude of the peak values of stress may possibly be ex- 
plained by the machining operation which relieves the sur- 
face stress somewhat; the low magnitude of the average stress 
may be explained by the fluctuations of stress and the limita- 
tion that no residual stress should, exceed th:e .yield strength 
of the metal. . r . , : . • • - ,.i ■■'it 

l " “ , . • • • 

(f) This investigation reveals a rather restricted 

applicability of the X— ray diffraction method for the measure- 
ment of residual stress in weldments. "• : 

, ■ r ; - . f 1 

Department of Metallurgical Engineering, 

Case School of Applied Science, 

Cleveland, Ohio, October 11, 1944. ■' '• ; ;r 
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TABLE I 


20$ NOTCHED DURALUMIN SPECIMEN 


LOAD 
AND AV. 
STRESS 

POSI- 

TION 

NORMAL 
PARAMETER 
IN A 0 

LONGITUDINAL 
PARAMETER 
IN A° 

TRANSVERSE 
PARAMETER 
IN A° 

LONGITUDINAL 

STRESS 

PSI 

TRANSVERSE 

STRESS 

PSI 

140 lbs. 

1 

4.0402 

4.0421 

4.0405 

410,000 

+ 1,500 

(4,300 psi) 

2 

4.0404 

4.0418 

4.0403 

4- 6,000 

+ 500 

3 

4.0408 

4.0422 

4.0407 

4- 7,000 

500 


4 

4.0409 

4.0416 

4.0417 

4- 3,500 

+ 4,000 

400 lbs. 

1 

4.0370 

4.0426 

4.0391 

4429,000 

+11,000 

(12,000 psi) 

2 

4.0394 

4.0419 

4.0398 

414,500 

+- 2,000 

3 

4.0401 

4.0426 

4.0397 

+13,000 

- 2,000 


4 

4.0395 

4.0417 

4.0401 

+11,500 

+ 3,000 

1110 lbs. 

1 

4.0368 

4.0418 

4.0385 

+26,000 

+ 9,000 

(33,700 psi) 

2 

4.0350 

4.0422 

4.0382 

4-37,000 

+16,500 


3 

4.0363 

4.0422 

4.0379 

4-31,000 

+ 8,500 


4 

4.0364 

4.0427 

4.0378 

4-33,500 

+- 7,000 

Residual 

1 

4.0452 

4.0413 

4.0442 

4-20,000 

- 5,000 

Stress 

2 

4.0408 

4.0413 

4.0416 

4- 2,000 

+ 3,500 

Unloaded 

3 

4.0409 

4.0413 

4.0412 

+ 2,000 

+ 1,500 

from 

1110 lbs. 

4 

4.0416 

4.0414 

4.0418 

- 1,000 

4- 1,000 
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TABEE II 

25$ NOTCHED S.A.E.X4130 STEEL 


LOAD 
AND AV. 
STRESS 

POSITION 

NORMAL 
PARAMETER 
IN A° 

LONGITUDINAL 
PARAMETER 
IN A° 

TRANSVERSE 
PARAMETER 
IN A° 

527 lbs.< 

1 

2.86061 

2.86147 

2.86003 

(17,000 psi) 

2 

2.86044 

2.86150 

2.86052 


3 

2.86059 

2.86118 

2.86071 


4 

2.86062 

2.86124 

2.86044 


5 

2.86022 

2.86128 

2.86050 

1550 lbs. 





(50,000 psi) 

1 

2.85908 

2.86253 

2.86003 


2 

2.85885 

2.86196 

2.86035 


3 

2.85924 

2.86173 

2.86019 


4 

2.85945 

2.86189 

2.86002 


5 

2.85972 

2.86215 

2. *86020 

Residual Stress 

1 

2.86143 

2.86099 

2.86100 

Unloaded from 

2 

2.86083 

2.86096 

2.86103 

1550 lbs. 

3 

2.86095 

2.86089 

2.86089 


4 

2.86095 

2.86071 

2.86097 


5 

2.86095 

2.86072 

2.86097 

Loaded to 2170 lbs. 

1 

2.85996 

2.86230 

2.86057 

(70,000 psi) 

2 

2.85893 

2.86233 

2.86008 

Unloaded to 1960 lbs. 

3 

2.85879 

2.86200 

2.86008 

(59,000 psi) 

4 

2.85907 

2.86224 

2.86022 

5 

2.85927 

2.86204 

2.86000 

Residual Stress 

1 

2.86179 

2.86052 

2.86093 

Unloaded from 

2 

2.86092 

2.86101 

2.86114 

2170 lbs. 

3 

2.86077 

2.86100 

2.86097 


4 

2.86073 

2.86066 

2.86109 


5 

2.86089 

2.86085 

2.86112 
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TABLE II (CONT'D) 

25 % NOTCHED S.A.E. X4130 STEEL 


LOAD 
AND AV. 
STRESS 

POSI- 

TION 

LONGITUDINAL 

STRESS-PSI 

MEASURED 

TRANSVERSE 

STRESS-PSI 

MEASURED 

LONGITUDINAL 

STRESS-PSI 

CORRECTED 

TRANSVERSE 

STRESS-PSI 

CORRECTED 

527 lbs. 

1 

+13,600 

- 9,200 

+14,700 

-10,100 

(17,000 psi) 

2 

+16,800 

+ 1,300 

+17,700 

+ 900 

3 

+ 9,300 

+ 1,900 

+ 9,800 

-*- 1,500 


4 

+ 9,800 

- 2,800 

+10,400 

- 3,300 


5 

+16,800 

+ 4,400 

+17,600 

+ 4,200 

1550 lbs. 

1 

+54,500 

+15,000 

+57,600 

+14,200 

(50,000 psi) 

2 

-*-49,200 

+23,700 

+51,300 

+23,700 

3 

+-39,400 

+15,000 

+41,100 

+15,000 


4 

+37,200 

+ 7,600 

+39,100 

+ 6,900 


5 

+38,400 

+ 7,600 

+40,400 

+ 6,800 

Residual Stress 

1 

- 7,000 

- 6,800 

- 7,200 

- 7,000 

Unloaded from 

2 

+ 2,100 

+ 3,200 

+ 2,100 

+ 3,200 

1550 lbs. 

3 

900 

900 

- 1,000 

- 1,000 


4 

- 3,800 

+ 300 

- 4,000 

+ 400 


5 

- 3,600 

+ 300 

- 3,800 

+ 400 

Loaded to 

1 

+37,000 

+ 9,600 

+38,800 

+ 9,000 

2170 lbs. 

2 

+53,000 

+18,200 

+56,200 

+17,600 

(70,000 psi) 

3 

+50,700 

+20,400 

+52,900 

+20,000 

Unloaded to 

4 

+50,000 

+18,200 

+52,300 

+17,700 

1960 lbs. 
(59,500 psi) 

5 

+43,800 

+11,500 

+46,000 

+10,800 

Residual Stress 

1 

-20,100 

-13,600 

-20,800 

-13,800 

Unloaded from 

2 

+ 1,400 

+ 3,500 

+ 1,400 

+ 3,700 

2170 lbs. 

3 

+ 3,600 

+ 3,200 

+ 3,700 

+ 3,300 


4 

- 1,100 

+ 5,200 

- 1,400 

+ 5,500 


5 

600 

+ 3,600 

700 

+ 3,800 
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TABLE III 

5 % NOTCHED S.A.E. X4130 STEEL 


LOAD 
AND AV. 
STRESS 

POSITION 

NORMAL 
PARAMETER 
IN A° 

LONGITUDINAL 
PARAMETER 
IN A° 

TRANSVERSE 
PARAMETER 
IN A° 

578 lbs. 

1 

2.86025 

2.86129 

2.86003 

(17,000 psi) 

2 

2.86039 

2.86145 

2.86037 


3 

2.86032 

2.86141 

2.86040 


4 

2.86015 

2.86125 

2.86033 


5 

2.86041 

2.86155 

2.86038 

Loaded to 1020 lbs. 

1 

2.86021 

2.86138 

2.86013 

(30,000 psi) 

2 

2.86034 

2.86140 

2.86008 

Unloaded to 870 lbs. 

3 

2.86020 

2.86156 

2.86013 

(25,500 psi) 

4 

2.86016 

2.86151 

2.85988 


5 

2.86005 

2.86128 

2.86009 

Residual Stress 

1 

2.86089 

2.86069 

2.86086 

Unloaded from 

2 

2.86070 

2.86097 

2.86069 

1020 lbs. 

3 

2.36074 

2.86048 

2.86072 


4 

2.86074 

2.86058 

2.86064 


5 

2.86073 

2.86070 

2.86072 

Loaded to 1713 lbs. 

1 

2.85971 

2.86207 

2.85973 

(50,400 psi) 

2 

2.85982 

2.86203 

2.85970 

Unloaded to 1405 lbs. 

3 

2.85957 

2.86196 

2.85979 

(41,400 psi) 

4 

2.85981 

2.86210 

2.85984 


5 

2.85954 

2.86195 

2.85967 

Residual Stress 

1 

2.86092 

2,86103 

2.86079 

Unloaded from 

2 

2.86088 

2.86057 

2.86101 

1713 lbs. 

3 

2.86070 

2.86042 

2.86039 


4 

2.86068 

2.86086 

2.86073 


5 

2.86070 

2.86071 

2.86089 
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TABLE III (CONT'D.) 

5 % NOTCHED S.A.E. X41SO STEEL 


LOAD 
AND AV. 
STRESS 

POSI- 

TION 

LONGITUDINAL 

STRESS-PSI 

MEASURED 

TRANSVERSE 

STRESS-PSI 

MEASURED 

LONGITUDINAL 

STRESS-PSI 

CORRECTED 

TRANSVERSE 

STRESS-PSI 

CORRECTED 

573 lbs. 

i 

+16,400 

-3,500 

+17,400 

-4,200 

(17,000 psi) 

2 

+16,800 

- 300 

+17,700 

- 800 

3 

+17,200 

+1,300 

+18,200 

+ 900 


4 

+17,400 

+2,800 

+18,300 

+2,500 


5 

+18,000 

- 500 

+19,000 

-1,000 

Loaded to 1020 lbs. 

1 

+18,500 

-1,300 

+19,500 

-2,000 

(30,000 psi) 

2 

416,700 

-4,100 

+17,700 

-4,800 

Unloaded to 870 lbs. 

3 

+21,500 

-1,100 

+22,700 

-1,800 

(25,500 psi) 

4 

+21,300 

-4,400 

+22,600 

-5,200 


5 

+19,400 

4 600 

+20,500 

0 

Residual Stress 

1 

- 3,200 

- 500 

- 3,400 

- 400 

Unloaded from 

2 

+ 4,300 

- 200 

+ 4,500 

- 300 

1020 lbs. 

3 

- 4,100 

- 300 

- 4,300 

- 200 


4 

- 2,500 

-1,600 

- 2,600 

-1,600 


5 

500 

- 200 

500 

- 200 

Loaded to 1713 lbs. 

1 

+37,300 

+ 300 

+39,300 

- 300 

(50,400 psi) 

2 

+35,100 

-1,900 

+37,200 

-3,100 

Unloaded to 1405 lbs. 

3 

+37,800 

+3,500 

+39,700 

+2,600 

(41,400 psi) 

4 

+36,200 

+ 500 

+38,200 

- 600 

5 

+38,100 

+2,100 

+40,100 

+1,100 

Residual Stress 

1 

+ 1,700 

-2,100 

+ 1,400 

-2,300 

Unloaded from 

2 

- 4,900 

+2,100 

- 5,300 

+2,300 

1713 lbs. 

3 

- 4,400 

-4,900 

- 4,500 

-5,100 


4 

+ 2,800 

+ 800 

+ 3,000 

+ 700 


5 

+ 200 

-3,000 

+ 300 

-3,200 
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TABLE IV 

Longitudinal and Circumferential Stresses at Variou s Positions 
Across the Weld (Along the Length of the Tube ) 


Distance 
from Center 
Line of Weld 
Inches 

S L - 
1000 psi 

s c - 

1000 psi 

s L + s c = 

S + S 
1 2 
1000 psi 

S 1 + S 2 
-(from normal 
exposure) - 
1000 psi 

At t] 

le 60° Posit 

;ion of Circ 

:umference 


-.10 

- 5* 

-14* 

-19* 

-35* 

-.05 

-14 

- 3 

-17 

-28 

0 

- 2 

+ 7 

+ 5 

+ 7 

+ .05 

- 1 

+ 3 

+ 2 

+ 2 

+ .10 

- 8 

- 1 

- 9 

- 4 

+ .15 

-10 

- 5 

-15 

-26 

+ .20 

+22* 

+12* 

+34* 

+27* 

0 

At the 275 Position of Circumference 

-.15 

-32,6 

-11.6 

-44.2 

-40 

-.10 

-39.8 

- 8.9 

-48.7 

-42 

-.05 

-42.5 

- 4.1 

-46.6 

-40 

0 

-15.4 

- 4.5 

-19.9 

-16 

+ .05 

- 6.0 

- 2.0 

- 8.0 

- 8 

+ .10 

- 6.8 

- 4.0 

-10.8 

-11 

+ .15 

- 3.4 

- 4.5 

- 7.9 

- 8 

+ .20 

- 3.0 

- 6.5 

- 9.5 

- 5 


*doubtful 


large rating 
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TABLE V 

Longitudinal and Circumferential Stresses at Various Positions 


Around the Center Line of the Weld 


Angular 

Position 

Degrees 

S L - 

1000 psi 

S C “ 
1000 psi 

S L + S C 

= S 1 + S 2 
1000 psi 

Sl + S C from normal 
exposure - 1000 psi 

Observer 1 

Observer 2 

15 

+ 3 

+20 

+23 

+27 

+ 4 

20 

+10 

+12 

+22 

+28 

+18 

25 

- 2 

+ 4 

+ 2 

+19 

+18 

30 

+ 9 

+ 7 

+16 

+23 

+25 

35 

+ 9 

+ 2 

+11 

+18 

+36 

40 

- 3 

+ 9 

+ 6 

+11 

+27 

45 

+ 6 

+11 

+17 

+ 6 

+40 

50 

-15 

+ 4 

-11 

0 

0 

55 

+ 3 

+19 

+22 

+18 

+12 

60 

- 2 

+ 7 

+ 5 

+ 7 

+ 5 

65 

-18 

+10 

- 8 

+12 

+10 

105 

+ 6 

+25 

+31 

+25 

+18 

125 

+ 1 

+ 2 

+ 3 

- 2 

- 3 

130 

+ 6 

+ 8 

+14 

+13 

- 4 

135 

+ 3 

0 

+ 3 

0 

-40 

140 

- 3 

+12 

+ 9 

+ 3 

-31 

145 

-17 

+ 4 

-13 

-21 

-18 

150* 

-20 

- 5 

-25 

-37 

-27 

n 

-15 

- 5 

-20 

-24 


155 

-18 

-14 

-32 

-31 

-27 

160 

-10 

- 3 

-13 

-22 

-25 

195 

+13 

+30 

+43 

+45 

+40 

240 

+ 9 

-14 

- 5 

+ 9 

-18 

285 

-18 

+ 2 

-16 

-21 

-40 

330 

-17 

+ 1 

-16 

-12 

+25 


*Two independent exposures taken 
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TABLE VI 

Stress-free Lattice Parameters at Various Points Across and 


Around the Weld. 


Around 

the Weld 


0 

Across the Weld at the 275 Position 

Angular 

Lattice 


Distance from 

Lattice 

Position 

Degrees 

Parameter 

Center Line of 
Weld - Inches 

Parameter 

15 

2.86101) 




20 

2.86095) 

<1) 



25 

2.86086' 

bD 

C3 

-.15 

2.86079 

30 

2.86092) 

U 

CD 

J> 

-.10 

2.86101 

35 

2.86093) 

-.05 

£.86103 

40 

2.8609?) 

1 ^ 

00 

2.86104 

45 

2.86138] 

1 to 

(J) 

+ .05 

2.86111 

50 

2.86083] 

\ o 

+ .10 

2.86112 

55 

2.86119] 

f CO 

+ .15 

2.86112 

60 

65 

2.86105J 

• c\2 

+ .20 

2.86100 

(t • obUDy) 


n 




Across the Weld at the 60 Position 

105 

2.86124 




125 

2.86123) 

\ Q) 

' tU3 

-.10 

2.86149 

130 

2.86113 

) c\j 

-.05 

2.86137 

135 

2.86117; 

k pH 

/ <U 

00 

2.86105 

140 

2.86124 

i > 

+ .05 

2.86109 

145 

2.86131 

+ .10 

2.86098 

150 

2.86141 

k to 
) C\2 

+ . 15 

2.86148 

150 

2.86121 

\ 1 — 1 
r CO 

+ .20 

2.86127 

155 

2.86106 

) 00 



160 

2.86132, 

) cvi 



195 

2.86106 




240 

2.86075 



• 

285 

2.86123 




330 

2.86100 
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TABLE VII 

Principal Stress Sum at Vario us Positions Around the Center 



STRESS CONCENTRATION 
FACTOR 


NACA TN No. 987 Figs. 1,2, 3, 4 



Figure 1.- 8tress distrib- 

tion in a notched 
flat bar under tension 
(Coker and Filon). 


Figure 3.- 8tress distrib- 

tion in a notched 
flat bar under tension 
(Coker and Filon). 
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Figure 2.- Effect of bottom 
radius on stress 
concentration in a flat bar 
having V notches as shown 
in Figure 1. 


Figure 4.- Effect of notch 
depth on stress 
concentration in a flat bar 
having semicircular notches 
as shown in Figure 3. 
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Figure 5.- Effect of depth and 
radius of notch on 
stress concentration in a flat 
notched bar (derived from Frocht). 
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Figure 6.- Effect of depth 
and radius of 

notch on stress concentra- 
tion in a flat notched bar 
(A drived from Frocht). 
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Figure 7.- Effect of notch depth on stress 
concentration in round notched 


bars . 


NACA TN Ho. 987 Fig. 8 



Figure 8.- Elastic longitudinal stress distribution for 
various notches of different depths. 
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Figs. 9, 10 



Figure 9. — Mergence of I\ a doublet on normalizing from 1700° F. 



(a) 





(c) 


Figure 10. — Diffraction patterns of SAE X4130 steel, stress relieved at (a) 1000° F., 
(b) 1250° F., and (c) 1320° F., after normalizing from 1700° F. 
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Figs. 11,12 



STRA/N PERCENT 


Figure 11.- Stress strain curve for SAI X4130 steel 
strip air cooled from 1700° F and stress 
relieved at 1320 6 F. 



Fig. 13 
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Figure 13.- SAE X4130 steel flat tensile 
test specimens. 
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Figs. 14, 15 



Figure 14. — Special tensile testing machine. 



Figure 15. — Special tensile testing machine in position to make oblique diffraction patterns 

of duralumin tensile bar. 





Figure 16. — Back reflection cassette and pinhole system. 



Figure 17. — Back reflection camera with pinhole system in place and rocking mechanism. 
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Figs. 18, 19, 20 
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Figure 18. — Diffraction pattern showing spotty silver lines. 



(a) (b) (c) 


Figure 19. — Diffraction patterns showing (a) too little, (b) proper amount, 

and (c) too much silver. 



Figure 20. — Typical duralumin diffraction pattern. 
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Figs. 21, 22 



Figure 21. — Special tensile machine 
in position for making longitudinal 
strain diffraction patterns from 
SAE X4130 steel tensile bars. 


Figure 22. — Special tensile machine 
in position for making transverse 
strain diffraction patterns from 
SAE X4130 steel tensile bars. 
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Fig. 33 


SAMPLE 



(a).- Normal Incidence 


SAMPLE 



(b).-Oblique Incidence 

i 


Figure 23a, b.- Focusing conditions. 
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Fig. 24 




Figure 24a.- Side view of focusing sphere showing non- 
focusing conditions for oblique incidence. 



Figure 24b.- Top view of section through minor diameter 
of focusing sphere showing focusing condi- 
tions for oblique incidence. 
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Figs. 25, 26 



Figure 25. — Comparator used in measuring steel diffraction patterns. 


i 
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Figure 26. — Viewing tube for comparator used in measuring duralumin diffraction patterns. 
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Figure 27b 
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Figures 38,29, 30. - Measured stress distributions in 20$ notched 

24-8H duralumin flat tensile bar. 
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Figure 31.- Proposed elastic longitudinal stress distributions in 

notched tensile test bars with increasing applied loads. 
( 8achs and Lubahn) 
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Figs. 38,33 
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Figure 32.- Residual stress distribution in 20# notched 
24-8H duralumin flat tensils bar. 



Figure 33.- Ficticious elastic stress distribution for 

33,700 psi average load in 20# notched 24-8B 
duralumin flat tensile bar. (Actual distribution minus 
residual distribution) 
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Figs. 34,35 
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Figures 34,35.- Measured stress distributions in 25$ notched 

SAE X4130 steel flat tensile bar. 
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Figs. 36,37 
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Figure 36.- Residual stress distribution in 25# notched 
SAE X4130 steel flat tensile bar. 
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Figure 37.- Ficticious elastic stress distribution for 
50,000 psi average load on 25# notched SAE 
X4130 steel flat tensile bar. (Actual distribution minus 
residual distribution). 
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Figs. 38,39 
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Figure 38.- Hypothetical stress distribution for 10,500 psi 
average elastic relief of 70,000 psi average 
load on 25$ notched 8A£ X4130 flat tensile bar. 
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Figure 39.- Actual stress distribution curve for 70,000 
psi average load on 25$ notohed 8AE X4130 
flat tensile bar (measured distribution plus hypothetical 
distribution) . 
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Figs. 40,41 
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Figure 40.- Residual stress distribution in 25$ notched 
SAE X4130 steel flat tensile bar. 
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Figure 41.- Ficticious elastic stress distributions for 
70,000 psi average load on 25$ notched SAE 
X4130 flat tensile bar. (Actual distribution minus 
residual distribution). 
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Figs. 42,43,44 
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Figures 43,43,44.- Ueasured stress distribution in 5# notched SAX 

X4130 steel flat tensile bar. 
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Figs. 45,46 
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Figures 45,46.- Residual stress distribution in 8AE X4130 

steel 5$ notched flat tensile bar. 
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Figure 47.- Diffraction patterns from notch bottom to center of specimen (top to bot- 
tom) for 50,000 psi average load on 25 percent notched SAE X4130 steel tensile specimen. 
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Figs. 48, 49 



Figure 48. — Average circumferential stress values of butt-welded SAE X4130 tubing. After 
acetylene welding, tube was machined inside and out to .050" wall thickness. 



Figure 49. — Macrostructure of the weld and adjacent material, showing the various 

heat-affected zones. 



Figure 50. — Variation of hardness along an element of the butt-welded tube. 
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Figure 51. — Variation of microstructure along an element of the butt-welded tube. 
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Figs. 52, 53 



Figure 52.- Direction of the incident beam for various types of exposures. 



Figure 53. — The goniometer used to hold the welded tube in the proper position relative to 

the X-ray beam. 
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Fig. 54 
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Figure 54. — Illustration of the qualitative rating system used to indicate the measurability 

of X-ray films. 
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Figure 55.- Variation across the weld of the condition of the metal as it affects 
the measurability of the X-ray films. 



Figure 57.- Variation around the weld of the condition of the metal as it affects 
the measurability of the X-ray films. 
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Figure 56. - Longitudinal and circumferential stresses at 
various points across the weld. 
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Figure 58.- Longitudinal and circumferential stresses, film meaauribility and principal 
atreaa sums for various positions around the weld at the viBual center line. 
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Fig. 59 
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Figure 59.- Magnitude and direction of the principal stresses 
at various points along one portion of the center 


line of the weld. 


